Constraints on the lifetime of the heavy sterile neutrino, that was proposed as a possible interpretation of the KARMEN anomaly, are derived from primordial nucleosynthesis and SN 1987A. Together with the recent experimental bounds on the ν s lifetime, SN 1987A completely excludes this interpretation. Nucleosynthesis arguments permit a narrow window for the lifetime in the interval 0.1-0.2 sec. If ν s possesses an anomalous interaction with nucleons, the SN bounds may not apply, while the nucleosynthesis ones would remain valid.
Introduction
In 1995 the KARMEN collaboration discovered an anomaly in the time distribution of the charged and neutral current events induced by neutrinos from π + and µ + decays at rest [1] . This anomaly may be explained by the production of a new neutral particle in pion decay
with the mass 33.9 MeV, barely permitted by the phase space, so that this particle moves with non-relativistic velocity. Its subsequent neutrino-producing decays could be the source of the delayed neutrinos observed in the experiment. The anomaly was recently confirmed by the same group [2] with better statistics and substantially reduced cosmic-ray background.
A search for x 0 particles produced in the rare pion decay (1) was performed in 1995 by an experiment at PSI [3] . It gave an upper limit for the branching ratio of BR(π + → µ + + x 0 ) < 2.6 × 10 −8 at 95% CL.
Several candidates for x 0 have been proposed in the literature. In ref. [4] the authors considered a sterile neutrino, x 0 ≡ ν s . Their conclusion was that the sterileneutrino hypothesis is compatible with all laboratory constraints, but they noted possible problems with astrophysics and cosmology. Further laboratory constraints on this model were investigated in ref. [5] , concluding that mixings of ν s with ν e and ν µ must be very small, while a mixing with ν τ was permitted. In this case ν s would predominantly decay through neutral-current interactions into ν τ + ℓ +l, where ℓ is any light lepton, ℓ = ν e , ν µ , ν τ , or e − . The lifetime of ν s with respect to this decay was estimated to be in the range 10 −3 sec < τ νs < 150 sec .
The lower bound on τ νs , which comes from the experimental bound on the ν τ mass (large mixing with ν s makes it too heavy), was discussed in ref. [6] .
In ref. [7] it was suggested that x 0 ≡χ could be the lightest supersymmetric particle, photino or zino, that decayed through the channel
The new data [2] , however, do not agree with the predictions of the model so that recently a new version of supersymmetric model was considered [8] , according to which the light neutralino decayed through a three body channel χ → e + + e − + ν µ,τ .
In the paper [9] a new decay mode of muons was proposed as a source of the anomaly:
where S is a scalar boson with mass 103.9 MeV. A search for these decays was reported in ref. [10] where the upper limit BR(µ + → e + + S) < 5.7 × 10 −4 was obtained. This limit, though it does not exclude the model, makes it more complicated.
Recent data by the NOMAD collaboration [11] permit to strengthen the bound on the mixing of ν s with ν τ . Their expected lower limit on τ νs is around 0.1 sec.
On the other hand, cosmology and astrophysics permit to obtain an upper bound on τ νs that may be complementary to direct experiments. If this happens to be the case, then the explanation of the KARMEN anomaly by a 33.9 MeV sterile neutrino would be ruled out. Recently two papers have appeared [12, 13] where the observation of SN 1987A were used to put bounds on the properties of the proposed sterile neutrino or light neutralino. In the present paper we derive constraints on the lifetime of a 33.9 MeV sterile neutrino from both more detailed consideration of SN 1987A and of primordial nucleosynthesis. With the present-day accuracy of the data on the primordial light-element abundances, the bounds that are found from SN 1987A tend to be stronger than those found from primordial nucleosynthesis. However, the latter remain interesting, first, because they may be competitive in the nearest future with an improved accuracy of the data on primordial nucleosynthesis, and second, in a hypothetical case where ν s would have an anomalously strong (stronger than the usual weak) interaction with nucleons. In that case the SN 1987A bounds would not apply, while the nucleosynthesis bounds would survive.
2 Primordial Nucleosynthesis
General Features
A heavy unstable sterile neutrino would influence big-bang nucleosynthesis (BBN) through its contribution to the cosmological energy density by speeding up the expansion and enlarging the frozen neutron-to-proton ratio, r n = n/p, and less directly, though stronger, through its decay products, ν e , ν µ , and ν τ . The impact of ν µ and ν τ on BBN is rather straightforward: their energy density increases with respect to the standard case and this also results in an increase of r n . This effect can be described by the increased number of effective neutrino species N ν during BBN (in the standard case N ν = 3). The increase of the energy density of ν e , due to decay of ν s into ν e , has an opposite effect on r n . Though a larger energy density results in faster cooling, the increased number of ν e would preserve thermal equilibrium between neutrons and protons for a longer time and correspondingly the frozen n/p-ratio would become smaller. The second effect is stronger, so the net result is a smaller n/p-ratio. There is, however, another effect which is related to the distortion of the energy spectrum of ν e from the decays of ν s . If the spectrum is distorted at the high-energy tail, as is the case, then proton formation in the reaction n + ν e → p + e − would be less efficient than neutron creation in the reactionν e + p → n + e + . We found that this effect is quite significant. The decays of ν s into the e + e − -channel will inject more energy into the electromagnetic part of the primeval plasma and this will diminish the relative contribution of the energy density of light neutrinos and diminish r n .
We could use the technique and numerical code from our earlier papers where the effects of non-equilibrium massless neutrinos (in the standard model) [14] and possibly massive [15] and/or unstable [16] tau-neutrinos were precisely calculated. However, since we do not need the accuracy of a fraction of per cent achieved in these papers, we will use a simpler and considerably less time consuming approximate approach that we will now discuss.
The model
If the KARMEN anomaly is explained by a heavy sterile neutrino with m νs = 33.9 MeV then, as was mentioned in the Introduction, it may only mix with ν τ ,
where Θ is the vacuum mixing angle and ν 1 and ν 2 are the mass eigenstates; the mass difference is positive: given by the expression
According to the combined experimental data, the lifetime lies in the range 0.1 sec < τ νs < 150 sec (9) and correspondingly 3.9 × 10 −3 < sin 2Θ < 0.15 .
Even with a very small mixing, ν s could be abundantly produced in the early universe when the temperature was higher than m νs . Their production rate can be estimated as [17, 18] 
where Γ W = 2.5 G 2 F T 5 is the averaged weak interaction rate and Θ M is the mixing angle in the medium. According to the calculations of refs. [17, 19] sin
where T and δm 2 are taken in MeV. One sees that matter effects are not important for T < 5 GeV.
Comparing the production rate (11) with the Hubble expansion rate
we find that sterile neutrinos could be abundantly produced in the early universe if,
Even for Θ at the lower limit given by the relation (10), the equilibrium condition is fulfilled for T ≈ 120 MeV. The evolution of ν s at lower temperatures, T < m νs , is considered below. We calculate the number density of the heavy ν s assuming that initially they were in equilibrium and in the process of freeze-out they interacted with the thermal equilibrium bath of light particles. With the evident correction for the ν s decay, these calculations are very similar to the usual freeze-out calculation of massive species.
There is one important difference however. Normally massive particles disappear in the process of mutual annihilation, so that the rate of freezing is proportional to the number density of the particle in question,ṅ m /n m ∼ σ ann n m , which becomes exponentially small when T < m. Sterile neutrinos may also disappear in collisions with massless leptons
so their extinction through this process would be more efficient than by mutual annihilation, ν s +ν s → all. The decoupling temperature of the process (14) can be approximately found from the decoupling of the usual massless neutrinos at T ντ ∼ 2 MeV by rescaling it by the mixing parameter, (sin 2Θ) 2/3 . To obtain a better estimate we solve the corresponding kinetic equation for ν s in sec. 2.3. This permits us to determine the distribution function, f νs (x, y), where
are convenient dimensionless variables with a(t) the cosmic scale factor and m 0 the normalization mass that we choose as m 0 = 1 MeV. In what follows we will often skip m 0 , keeping in mind that the relevant quantities are measured in MeV. In terms of these variables, the kinetic equations have the form
where
is the collision integral and
with sub-i and sub-f meaning initial and final particles.
After the distribution function of ν s is found, the next step is to find the distribution functions of the light neutrinos and in particular their energy densities. The distributions of electrons and positrons are of course assumed to be very close to equilibrium because of their very fast thermalization due to the interaction with the photon bath. However, the evolution of the photon temperature, due to decay and annihilation of the massive ν s , becomes different from the standard one,
by an extra factor (1 + ∆) > 1:
At sufficiently high temperatures, T > T W ∼ 2 MeV, light neutrinos and electrons/positrons were in strong contact, so that the neutrino distributions were also very close to the equilibrium ones. If ν s disappeared sufficiently early, while thermal equilibrium between e ± and neutrinos remained, then ν s would not have any observable effect on primordial abundances, because only the contribution of neutrino energy density relative to the energy density of e ± and γ is essential for nucleosynthesis. Hence a very short-lived ν s has a negligible impact on primordial abundances, while with an increasing lifetime the effect becomes stronger. Indeed at T < T W the exchange of energy between neutrinos and electrons becomes very weak and the energy injected into the neutrino component is not immediately redistributed between all the particles. The branching ratio of the decay of ν s into e + e − is approximately 1/9, so that the neutrino component is heated much more than the electromagnetic one. As we mentioned above, this leads to a faster cooling and to a larger n/p-ratio.
So, for the numerical calculations we adopt the following procedure. We assume that at sufficiently high temperature, e.g. T i = 5 MeV, or equivalently at the initial value of the scale factor x i = 1/T i = 0.2, there is a complete thermal equilibrium between active neutrinos and electrons. Starting from that moment we calculate the corrections to the active neutrino distribution functions
where the equilibrium distribution function is assumed to have the standard FermiDirac form with a temperature that drops as 1/x,
The evolution of the photon temperature, i.e. ∆(x), is determined from the energy balance equation
where ρ and p are respectively the total energy and pressure densities in the cosmological plasma.
It is worth noting that we normalized the scale factor in such a way that at the initial moment x i T i = 1. If we change the initial moment for calculating ∆, it would result in a different definition of x, but this is unobservable. We have checked that for
3 the results weakly depend upon the value of x i , and that the corrected neutrino distribution f ν = f eq ν + δf quite accurately maintain the equilibrium shape with the same temperature as electrons, T ν = T γ at these early times.
We made several assumptions that permitted to simplify calculations very much: ν s was assumed non-relativistic, the equilibrium distribution functions "inside" the collision integral were taken in the Boltzmann approximation, while "outside" they were taken in Fermi-Dirac form, and the kinetic equations for δf ν were taken in a simplified form, so that some fraction of neutrino energy was lost (see sec. 2.4). All these assumptions lead to a weaker impact of ν s on nucleosynthesis, so the real bound should be somewhat stronger than what is presented below.
One more comment is in order. We do not take into account oscillations between ν s and ν τ for T < m νs . This is perfectly justified because in the interesting range of neutrino energies the oscillation frequency is so high and the velocities of ν s and ν τ are so much different that the coherence is quickly lost and they can be considered as independent particles. Medium effects are also not important for the considered positive mass difference δm 2 ≈ 10 3 MeV 2 .
Evolution of Heavy Neutrinos
The evolution of the occupation number of ν s is determined by its decays and inverse decays, listed in table 1, and by the reactions (14) with all possible sets of light leptons permitted by quantum numbers, presented in table 2. Taking both contributions into the collision integral and assuming that the massless species are in thermal equilibrium with temperature T and that both helicity states of ν s are equally populated, we
where E νs = m 2 νs + (y/x) 2 and p νs = y/x are the energy and momentum of ν s respectively and g * (T ) is the effective number of massless species in the plasma determined as the ratio of the total energy density to the equilibrium energy density of one bosonic species with temperature T , g * = ρ tot /(π 2 T 4 /30). The coefficient 1.48 comes from expressing the lifetime in sec according to the relation 1/MeV = 0.658×10
and from the value of the Hubble parameter H = 8πρ tot /3M 2 Pl . The first term in square brackets, m νs /E νs , comes from summing the squared matrix elements in table 1 (decay) while the rest is obtained by using that the sum of the squared matrix elements from table 2 (collisions) can be written as
The assumption of Boltzmann statistics for massless leptons considerably simplifies the calculations, because the integral over their momenta can be taken explicitly.
This approximation results in a larger value of the collision integral, i.e. in faster decay and reaction rates and correspondingly to a smaller abundance of ν s . Thus the restriction on τ νs obtained in this approximation is weaker than the real one.
At high temperatures, T > 5 MeV, (23) was integrated with the simplifying assumption T x = 1. This also leads to a weaker bound on τ νs . Assuming entropy conservation one can check that T x may change by a factor 1.1 due to ν s decays and annihilation. In fact the effect is stronger because the number density of ν s is much larger than the equilibrium one. However, since we started at T = 5 MeV < m νs , when the energy density of ν νs was already somewhat suppressed, the variation of T x from that moment would be weaker.
Naively one would expect a variation of f νs similar to the variation of T x. However, it is argued below that the effect may be much stronger. Indeed, since ν s disappears in the collisions with massless particles, its number density is much more sensitive to the variation of the coefficient in front of the collision integral. In the case of the standard freezing in two-body annihilation the frozen number density, n f , is known to be inversely proportional to the annihilation cross-section. This is not true for the case of reactions (14) . One can solve the kinetic equation explicitly and check that the result is exponentially sensitive to the coefficient in front of (f eq νs − f νs ). Therefore we took the variation of T x into account, starting from x i = 0.2, according to the energy balance law (22) , see also (34). A simpler and more common method based on entropy conservation is not accurate enough because the sterile neutrinos strongly deviate from equilibrium in the essential range of temperatures and thus entropy is not conserved.
In the non-relativistic limit we may integrate both sides of (23) 
obtain the number density of ν s in the comoving volumē
Usually T x is assumed to be constant, quite often normalized as T x = 1. A small variation of this quantity usually is not very important for the value ofn. In our case, however, estimating the integral by the saddle point method reveals that the dependence on T x appears in the exponent and the effect may be significant even for a small variation of T x. The dependence on T x for the scattering term results in an increase ofn νs , while that for the decay term results in a decrease ofn νs .
The results of the numerical solution of (23) for different values of lifetimes are presented in figs. 1, 2, and 3. The first one shows the evolution of x 3 n νs for τ νs = 0.1, 0.2, and 0.3, the second is x 4 ρ νs , while the third figure is a snap-shot of the distribution functions, f νs , at x = 1. All the distributions are significantly higher than the equilibrium ones. For example, the equilibrium distribution is about 10 orders of magnitude below the calculated curve for τ νs = 0.1.
Light Neutrinos
At the onset of nucleosynthesis, ν s practically disappeared from the primeval plasma, at least for sufficiently small lifetimes, which are near the bound obtained below.
However, the products of their decays and annihilation distorted the standard nucleosynthesis conditions: the energy density as well as the spectrum of neutrinos were different from the standard ones, and this changed the light element abundances.
We will look for the solution of the kinetic equations governing the evolution of the distribution functions of light neutrinos in the form
where a = e, µ, or τ . The first term is equal to the equilibrium distribution function for the case when the temperature drops as the inverse scale factor, i.e. T x = 1. In reality this is not the case and the function δf takes into account both the variation of T x and the spectrum modification of the active neutrinos.
The distribution of e ± always has the equilibrium form, f e = [1 + exp(E/T )]
−1 and the product T x is taken in the form
where ∆ is assumed to be small, such that a perturbative expansion in ∆ can be made. A similar first-order perturbative expansion is made with respect to δf , so that the collision integral becomes linear in terms of ∆ and δf .
It is assumed that initially both δf and ∆ were zero. To this end one should find an appropriate value of the initial "time", x i , or temperature, T i . The temperature should be sufficiently small, such that the number density of ν s is already low and hence the function ∆ would not rise too much. On the other hand, the temperature should not be too low, otherwise equilibrium between neutrinos and electrons would not be established and the assumption of δf = 0 could be grossly wrong. As we see in what follows, convenient initial values that satisfy both conditions are x i ∼ 0.2 and T i ∼ 5 MeV for τ νs ∼ 0.2 sec. Of course, the later rise of temperature by the well known factor 1.4 because of e + e − -annihilation is taken into account explicitly.
Collision Integral and Source Term
There are two kinds of terms in the collision integral, "easy" ones where the unknown function δf depends upon the external variable y, which is not integrated upon, and "difficult" ones when δf is under the integral. The terms of the first kind come, with negative sign, from external particles in the initial state. They give
where g L = sin 2 θ W + 0.5, while g R = sin 2 θ W . For ν µ and ν τ the functionsg L and g R are given by expressions (8) . Using the simple expression (29) one finds that the rate of approach of ν e to equilibrium is given by
One sees that equilibrium would be efficiently restored for ν e if x < 0.5 y 1/3 or T > 2y −1/3 MeV, while for ν µ,τ equilibrium would be restored if T > 2.25 y −1/3 MeV.
These results are close to the standard estimates known in the literature (for the most recent ones see e.g. [20] ). However, there are the following drawbacks in this derivation. First, it was done under the assumption that the source of distortion acted for a finite time and thus (30) could be valid only after the source has been switched off. If there is a constantly working source, S(x, y), equilibrium is always distorted roughly by the factor S/Γ, where Γ is the effective reaction rate. Another and more serious argument against the validity of (30) is that the "difficult" part of the collision integral was neglected. One can see from the general expressions (17, 18) that δf also appears under the integral over momenta, and it can be seen that it comes mostly with a positive sign. These terms counteract the smoothing action of expression (29) and shift equilibrium restoration to considerably higher temperatures. One can take them into account exactly, numerically solving the kinetic equations with the exact collision integral that can be reduced down to a 2-dimensional integration over particle energies (see e.g. [14] ), but this is a very time consuming procedure. Instead we will here use a much simpler approach. We will approximately represent such "difficult" terms by the integrals over energy chosen in such a way that the kinetic equations satisfy the law of particle conservation in the comoving volume if only elastic scattering is taken into account, i.e. the kinetic equation should automatically give ∂ x (x 3 n) = 0. The exact equations should simultaneously satisfy energy conservation law, but working with the exact equations is much more complicated. We checked the validity of our approximate procedure for a case of a more simple reaction amplitude, where we compared the approximate and exact results and found very good agreement. The approximation that we use breaks the energy conservation law in the kinetic equation, so that some small fraction of energy going into light particles from ν s decays and/or annihilation is lost. This diminishes the effects that we are discussing so that the real constraints on τ νs should be stronger.
The kinetic equations for light neutrinos in this approximation can be written as
× −δf νe + 2 15
The coefficients g L,R for ν µ,τ are given by (8) and for ν e are presented after (29).
The source term S describes injection of non-equilibrium neutrinos by ν s decays or reactions (14) 
where n νs (x) is the number density of ν s and θ(y) is the step function which ensures energy conservation in the decay. The factor 0.012 comes from the product of the branching ratio BR = 96/4/(1 +g The coefficient in front of the collision integral is in reality momentum dependent, and hence is slightly different from 0.4 for ν e (and 0.29 for ν µ,τ ), which are often used in the literature. We extracted the correct momentum dependent coefficients from our Standard Model code [14] , and used this in the calculations. This slightly weakens the bound on the lifetime.
The function ∆(x) is determined from the energy balance condition (22) which in the present case reads
where ρ EM is the energy density in the electromagnetic sector, and ρ νs and ρ ν are the energy density of ν s and the total energy density of all light neutrinos respectively. We also used another method for calculating T x starting from earlier times and obtained stronger results, so we believe that the limits that we obtain here are quite safe.
A Few Numerical Technicalities
Let us summarize a few technicalities related to the numerical approach. We divide the time into 3 regions. First we integrate only (23) 
Results
We have solved (23, 32, 34) numerically for different lifetimes. In fig. 1 we plot the evolution of the normalized number density, x 3 n νs , as a function of x. One sees for τ νs = 0.3 how ν s first freeze out, followed by the subsequent decay. In fig. 2 a similar plot of the normalized energy density, x 4 ρ νs , is presented as a function of x, and the effect of the sterile particle being massive is evident. In fig. 3 we present a snap-shot of the distribution function at the time x = 1. The equilibrium distribution function at this time is about 10 orders of magnitude smaller than the curve for τ = 0.1 sec.
The calculated energy densities of all light neutrino species relative to the electromagnetic energy density, ρ e + ρ γ , are presented in fig. 4 as functions of x. One sees that this fraction is higher for longer lifetimes, especially around the time x = 1, when the n/p-ratio freezes out, leading to an expected increase in the final helium abundance. In fig. 5 a snap-shot of the spectrum of ν e , namely y 2 f νe and the distortion y 2 δf νe are presented for x = 1 for the lifetimes 0.1, 0.2, 0.3. A distortion of the electronic neutrino spectrum has a strong impact on nucleosynthesis, while ν µ and ν τ act only by their total energy density. It is noteworthy that the increase in ρ νe acts in the opposite direction to an increase in ρ νµ,ντ , since it reduces the effective number of light neutrinos, or in other words, it gives rise to a smaller mass fraction of primordial 4 He, while an increase in the high energy part of ν e spectrum results in a larger mass fraction of 4 He.
The results of the calculations have been imported into the modified Kawano [21] nucleosynthesis code, and the abundances of all light elements have been calculated.
At each time step x, we find the corresponding photon temperature and total energy density. Furthermore we integrate the kinetic equation governing the n/p evolution taking into account the distorted spectrum of ν e . The final helium abundance is presented as a function of the ν s lifetime in fig. 6 . By translating these results into effective number of neutrinos one sees that if we allow for ∆N = 0.2 (as suggested by [22] ), then only lifetimes lower than τ νs = 0.17 sec are permitted. If one is more conservative and allows for one extra neutrino species, ∆N = 1.0, then lifetimes longer than τ νs = 0.24 sec are excluded. A drop in the helium abundance around τ νs = 0.1 is related to the dominant role of the ν e energy density, since the spectrum distortion is shifted to smaller energies.
Finally in fig. 7 we compare experimental data with the bound obtained from BBN. One sees that the new data from the NOMAD Collaboration together with our BBN bound leave a small allowed window for a sterile neutrino with a lifetime around 0.1-0.2 sec.
3 Supernova Limits
Small Mixing Angle
The mixing angles of sterile neutrinos with the standard active flavors is tightly constrained by standard arguments related to supernova (SN) physics and to the neutrino observations of SN 1987A. Some of these arguments have been sketched out in the context of the KARMEN anomaly in Ref. [4] .
The simplest limit arises from the "energy-loss argument." The SN 1987A observations imply that a SN core may not emit too much energy in an "invisible channel"
as this would unduly shorten the observed neutrino burst. Reasonably accurate limits are obtained by demanding that the "exotic" energy-loss rate should obey [23, 24] ǫ < ∼ 10
where ǫ is to be calculated at typical average conditions of a SN core (ρ = 3 ×
Sterile neutrinos ν s are produced because they mix with one of the standard ones.
If the standard neutrino masses are all in the sub-eV range, the assumed sterile neutrino mass of m νs = 33.9 MeV assures a mass difference so large that medium effects on the oscillations can be neglected. The oscillation frequency is so large that a standard neutrino ν a , once produced, oscillates many times before collisions interrupt the coherent development of the flavor amplitude. The average probability of finding the original ν a in the ν s flavor state is Oscillations are interrupted with the collision rate Γ of the ν a flavor, leading to the standard sterile-neutrino production rate of
We estimate Γ as the neutral-current collision rate on free nucleons, ignoring correlation and degeneracy effects, so that:
with G F the Fermi constant and n B the number density of baryons (nucleons). For a mix of protons and neutrons we use an average neutral-current coupling constant of
If we further assume that the trapped active neutrinos do not have a significant chemical potential (true for ν µ and ν τ , but not for ν e ), the energy-loss rate is
where m N is the nucleon mass. For simplicity we use Maxwell-Boltzmann statistics for the neutrinos (we ignore the +1 in the denominator under the integral) and find:
where T 30 = T /30 MeV. Comparing this result with (35) leads to a limit
30 .
The temperature T = 30 MeV is at the lower end of what is found in typical numerical calculations so that this limit is reasonably conservative.
For the mixing with ν e the limit is more restrictive because the electron neutrinos in a SN core are highly degenerate, leading to a larger conversion rate and a larger amount of energy liberated per collision. Several authors found sin 2 (2Θ) < ∼ 10 −10 for this case [25, 26] .
In our calculation of the emission rate we have taken the ν s to be effectively massless. The average energy of trapped standard neutrinos is about 3T which far exceeds m νs . The scattering cross section scales with E 2 ν , favoring the emission of high-energy neutrinos. The average ν s energy emerging from a SN core is thus found to be about 5T so that neglecting m νs is a good approximation-the ν s are highly relativistic.
The KARMEN experiment implies that the lifetime of ν s exceeds about 0.1 s so that these particles escape from the SN before decaying. On the other hand, they must decay on the long way from SN 1987A to us. If the decay products include
− pairs one will also get γ rays from inner bremsstrahlung in the decay. The non-observation of a γ ray burst coinciding with SN 1987A then leads to further limits [23, 24] .
The decay products likely would include standard neutrinos which would have shown up in the detectors. However, because of the high energies of the sterile neutrinos which are representative of the SN core temperature, such events would have much larger energies than those expected from thermal neutrino emission at the neutrino sphere. Therefore, the emission of sterile neutrinos from the core and their subsequent decay cannot mimic the standard SN neutrino signal.
Large Mixing Angle
These upper limits on the mixing angle are only valid if the sterile neutrinos actually escape from the SN core after production, a condition that is not satisfied if one of the mixing angles is too large. Since the mixing angle between ν e or ν µ and ν s is already constrained from laboratory experiments to be small in this sense, we worry here only about the ν τ -ν s mixing angle. We continue to assume that the standard-neutrino mass eigenstates are small so that the mass difference and hence the oscillation frequency between ν τ and ν s will be large compared to a typical collision rate in a SN core and that the mixing angle in the medium is identical to the vacuum mixing angle.
Therefore, after production the chance of finding a ν s in the active ν τ state will be
given by the average value 1 2 sin 2 (2Θ). If the mixing angle is large this will mean that the sterile neutrino essentially acts as an active one. It will be trapped, and the energy-loss argument is not applicable.
If the mixing angle is not quite maximal, sterile neutrinos will still be trapped, but their mean free path will be larger than that of an active flavor. Energy is transported out of a SN core by neutrino diffusion, a mechanism which is more effective if the mfp is larger. Simply put, a neutrino can transport energy over distances of order the mfp so that more distant regions are thermally coupled if the mfp becomes larger. Most of the transporting of energy is done by the most weakly coupled particles which are still trapped. For example, in a SN core the photon contribution to the energy transport is negligible because their mfp is very much smaller than that of standard neutrinos.
Conversely, the contribution of sterile neutrinos will increase with an increasing mfp,
i.e. with a decreasing sin 2 (2Θ).
The effect on the SN 1987A signal will be identical to the effect of freely escaping sterile neutrinos, i.e. the signal will be shortened. We stress that the signal duration is determined by the diffusion time scale throughout the star. Therefore, increasing the mfp in the deep interior of the star shortens the cooling time scale. In a numerical study [27] the neutrino opacities were artificially decreased. It was found that the efficiency of neutrino transfer in the star should not be more than about twice the standard value to remain consistent with the SN 1987A signal characteristics. Likewise, in a different study [28] the number of standard neutrino flavors was artificially increased, again leading to an increased efficiency of energy transfer. Doubling the effective number of neutrino flavors appears excluded from the SN 1987A data.
The interaction rate of sterile neutrinos is that of a standard ν τ , times
Conversely, the collision rate for ν τ is 1 − sin 2 (2Θ) of being measured as a ν s . Assuming that the standard transfer of energy is dominated by ν µ , ν τ and their anti-particles (the mfp for ν e andν e is much shorter due to charged-current reactions), then adding the sterile neutrino will enhance the rate of energy transfer by a factor
Maximal mixing corresponds to sin 2 (2Θ) = 1, implying that both ν τ and ν s each scatter with half the standard rate, so their mfp is each increased by a factor of 2.
Moreover, the sterile neutrino contributes a second channel for the transfer of energy.
Therefore, the energy flux carried by maximally mixed ν s and ν τ is four times that carried by a standard ν τ . This explains the limiting behavior of (40) for maximal mixing.
The new experimental limit on the ν s -ν τ mixing angle is sin 2 (2Θ) < 10 −2 . Therefore, the efficiency of energy transfer out of a SN core would be enhanced by more than two orders of magnitude. Such an enhancement is certainly not compatible with the SN 1987A signal, implying that the mixing angle has to be very small, i.e. that it must obey (39). Therefore, the loop hole of a large ν s -ν τ mixing angle has been plugged by the new experimental constraints. The effect happens to be surprisingly sensitive to usually neglected phenomena, particularly the shape of the ν e spectrum and to the non-adiabatic variation of temperature. We hope to do exact (but rather long) calculations later. Together with a possible improvement of the observational data on light element abundances and a better understanding of the subsequent changes of light elements in the course of cosmological evolution, the BBN bound may become competitive with the supernova one. If so, the very attractive hypothesis of a 33.9 MeV sterile ν s would be killed by two independent arguments. Moreover, one may imagine a case when the supernova arguments are not applicable, while the nucleosynthesis ones still operate. For exam-ple, if ν s possesses an anomalously strong interaction with nucleons (stronger than the usual weak one), then it would not noticeably change the energetics of supernovae that we described here, but would affect nucleosynthesis practically at the same level as discussed in section 2. This new interaction might be related to the anomalously high mass of ν s . If this is the case then a small window for a 33.9 MeV ν s with lifetime τ νs = 0.1-0.2 sec, still exists at the present time, and stronger experimental bounds, as well as more accurate calculations of the impact of ν s on primordial nucleosynthesis, are needed.
Conclusion
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